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‘2,905,826 “ 
MEASUREMENT OF GAMMA RAY ENERGY DUE 

T O INELASTIC NEUTRON SCATTERING - 

Tom W. Bonner, Houston, and Richard L. Caldwell, 
Dallas, Tex.,» assignors, by mesue assignments, to 
Socony MobilOil Company, Inc-v, a corporation of 
New York ‘ ~ 

Application September so, 1953,’Serial No. 383,209 
’ 9 Claims. (c1. 250-8“), 

The present invention relates to logging bore holes 
and more particularly ‘to the analysis of the energy 
spectrum of gamma ray radiations arti?cially produced in 
formations adjacent a bore hole. > 
A number of methods are known and have been made 

commercially available in the well logging art for study 
ing the radioactive properties of earth formations, both 
where the radioactivity is natural and where it is arti? 
cially induced. Logs of such properties aid immeasur 
ably in the study ‘of the nature of the subsurface forma 
tions, particularly in exploration for mineral or petro 
liferous deposits of such quantities as to make them 
commercially inviting. ‘ ‘ ' ‘ - 

.The present invention is based upon the discovery that 
certain of the elements in earth formations exhibit 
hitherto unrecognized distinctive properties and that such 
properties are measurable in situ. More speci?cally, it 
has been found that a class of ‘elements occurring in 
earth formations including carbon, oxygen and sulphur, 
when bombarded by neutrons of a selected energy, pro 
duces prompt gamma rays ofa characteristic energy level, 
such characteristic energy level being fairly distinctive 
for each of the above elements.v It has further been 
found that other elements abundant in earth formations, 
for example sodium, iron, magnesium and chlorine, ex 
hibit no such characteristic features that are readily de 
tectable. A controlled measurement'of the prompt gam 
ma rays arising from such energy levels therefore will 
yield a distinctive log of the content in such formations 
of the selected element. - ' ' ' 

In accordance with the present invention, a log is pro 
duced by inserting into a drill hole a source from which 
neutrons are emitted having an energy at least equal to 
the characteristic nuclear energy level of a selected element 
thereby to bombard the formations along the length of the 
bore hole. Then a measurement is made of the com 
ponent of prompt gamma radiations thus produced by the 
neutron bombardment having energies within a restricted 
energyband which includes the characteristic nuclearv 
energy level of the selected element. ‘Such measurements 
are plotted on a depth scale thereby to produce an indie 
cation of the concentration of the ‘element along the bore 
hole. In a preferred form of the invention, a gamma 
free monoenergetic neutron sourcev is'utilized-so that 
analysis of the radiation'of gamma rays resulting from 
neutron bombardment will not be complicated‘by the 
gamma rays produced‘directly by the bombarding source. 

In another. aspect of the'invention, a somewhat more 
conventional source is. utilized in ‘which production of 
neutrons is accompanied by production of'gamma rays. 
In addition there is provided a directional shielding‘means 
between the neutron source and the gamma ray detector 
so that gamma rays may not travel directly. from source 
to detector. Although the shielding means prevents 
gamma rays from reaching the detector by way of a 
direct path, gamma rays scattered in the formations and 
not produced by a reaction due to neutron bombardment 
may reach the. detector- ;.-T1.19 angst 1W1, at such. same 
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2 
radiation is substantially reduced due to the scattering 
action so that measurements may substantially be re 
stricted to the gamma radiation produced by neutron 
bombardment by exercising selectivity on an energy basis. 
Thus, in this as well as other aspects of the invention, 
measurement of a gamma ray radiation is restricted to a‘ 
predetermined limited portion of or “window” in the 
prompt gamma radiation spectrum thereby producing‘ 
measurements that are primarily indicative of but one 
of the selected elements. 
For a more complete understanding of the invention‘ 

and further objects and advantages thereof, reference may 
now be had to the following description taken in con 
junction with the accompanying drawings in which: 

Fig. 1' illustrates one form of apparatus for producing 
a gamma ray log; 

Fig. 2 is'a plot of neutron flux from a particular source 
as a function of the applied voltage; 

Fig. 3 is a plot of the prompt gamma ray radiation' 
produced upon bombardment by neutrons for carbon and 
oxygen; 

Fig. 4 illustrates an alternative type of voltage source; 
and 

Fig. 5 illustrates a further embodiment of the invention. 
well logging system is; 

illustrated in which an exploring unit 10 is supported by 
Referring now to Fig. 1, a 

a cable 11 from the earth’s surface in such a manner 
to be moved along the length of a bore hole 12. Suit 
able means'such as a cable winch and driving mechanism 
(not shown) may be provided for effecting the desired 
movement of the exploring unit 10. 

In the form illustrated, the exploring unit 10 may com 
prise an outer metallic case having a lower compartment 
14 in which there is provided a source of monoenergetic 
neutrons. Preferably such neutron source is provided by‘ 
?lling the lower enclosed portion with deuterium gas 
(H2) at a pressure of from 10‘3 to 10*5 mm. of mercury. 
A target electrode 15 in the form of a relatively short 
metallic cylinder ?tted inside the housing 10 has an inner 
surface characterized by or formed of a thin layer of 
zirconium upon which tritium gas (H3) has been ad 
sorbed. The target electrode, while of cylindrical form, 
may be composited from a number of cylindrical seg 
ments. For example, aluminum segments may be pro 
vided on which zirconium has been evaporated and to 
which tritium has been adsorbed. The segments may 
then be suitably mounted inside the housing of unit 10, 
together forming a cylindrical target unit. The electrode 
15 is made electrically common with the exploring unit 
case. ' 

A central cylindrical 
suitable insulating means not shown) at the axis of the 
unit 10 and'thus at the center of electrode 15 and is 
connected by Way of conductor 17 and insulating ter-1 

of a high voltage‘ 
source 20. The negative terminal 21 of source 20'is‘ 
connected‘ to the case of unit 10 so that the voltage from‘ 

minal 18 to the positive terminal 19 

source 20 is effective to accelerate deuterons onto target 
electrode 15. i ' 

In Fig. 2 it will be seen that the neutron ?ux (0') pro- 
duced in a neutron‘ source, such as in chamber 14 of 
Fig. 1, varies as a function of the accelerating potential~ 
E between target 15 and electrode 16. It will be seen 
that for a given pressure of deuterium gas in the cham 
ber the maximum neutron flux is produced with an ac 
celerating potential of approximately 110,000 volts. It» 
will be seen further that at even lower voltages an apprecir 
able ?ux is produced. While higher voltages are preferred, ~ 

produced at voltages above a mini: neutrons may thus be 
mum of approximately 5,000 volts in the bombardment 
of the tritium adsorbed on the zirconium ?lm on the inner 
face of target electrode 15. 

electrode 16 is mounted (by 
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is well known that for such a reaction monoener 
getic neutrons having energy of 14 million electron volts 
(m.e.v.) are produced andvthat the reaction is free of 
production of lgamma‘radiation. The, neutronsthus pro 
dnced bombard formations adjacent bore hole 142‘, driv 
ing the nuclei of certain of the elements in the forma 
tions to an excited state which, for‘the purpose of this 
description, will be referred to as a “characteristic energy 
level” which is an energy level higher than occupied by 
a given nucleus in the stable state: Inelastic scattering 
of_ thegneutrons results in the excitation ‘of nuclei to a 
characteristic energy level. Such‘excited nuclei return 
to a stable state and in doing so lose energy which ex 
hibits itself in the form of radiations among which the 
prompt gamma radiation, as will hereinafter be shown‘ 
is of a unique nature for certain of the elements, thus 
permitting identi?cation thereof. _ 
‘More, particularly, as shown in Fig; 3 the number 

(NE) of gamma rays produced with energies lying within 
a small energyrange or “window” as a function of the 
energy (E) of the center of the “window” for such gamma 
rays is plotted for two elements, It will‘ be noted that 
for oxygen (curve A) there is a ?rst characteristic energy 
band at 6 m.e.v. and a second hand at 7 m.e.v. It will 
further be seen that carbon (curve B) exhibits a peak 
at 41/2 m.e.v. Although not shown, sulphur has been 
found to exhibit a peak at approximately 2 m.e.v. It 
has further been found that there are no such pronounced 
lines in the gamma ray spectrum of sodium, iron, mag 
nesiurn and chlorine when detected in the manner here 
described. 

_ With the above elements appearing in earth formations‘, 
the presence of certain distinctive properties for some 
of the elements and complete absence of such properties 
for other of the elements provides an index to formation 
character. More particularly, a measurement of the 
number of prompt gamma rays in an energy band of 
from 6 to 7 m.e.v. as a function of bore hole depth pri 
marily is a log of the oxygen content of‘ the formations 
along the bore hole.- Similarly, a log of the prompt 
gamrnayray’s having an energy within a restricted band 
or window centered at 41/2 m.e.v. is primarily a log‘ of 
the carbon ‘content of the formations. Sulphur similarly 
may be logged‘. 

1 The measurements above referred to may be made by 
the systemshown in Fig. l in which a scintillation counter 
together with a pulse’ height analyzer are utilized. More 
particularly, a scintillation crystal 25 (sodium-iodide. 
thallium activated) is mounted in a manner understood 
by those skilled in the art at the lower end of and adja 
cent the window of a photomultiplier tube 26‘. The cry 
stal 25 is shielded from the source chamber 14' by a copper 
slug 24 which impedes neutron travel in the direction of 
the crystal 25. The photomultiplier’ tube and its associ 
ated circuits, housed in unit 27, when actuated‘ by light 
pulses produced in crystal 25, produce a series of pulses 
in unit 27. Each pulse is proportional to the energy of 
the gamma rays impinging in scintillation crystal 25. 
Such pulses are then applied to a differential pulse height 
analyzer contained in unit 27 which produces at its output 
terminal 28 an electrical indication proportional to‘ the 
number of gamma rays impinging crystal 25 within a 
given energy band. 

In practice, the differential pulse height analyzer in unit 
27 may be selectively adjusted for each run of the unit 
10 through the bore hole to cause an electrical indication 
at terminal 28 to be dependent upon and preferably pro 
portional to the number of gamma rays having energy 
within one of the selected enengy bands speci?c to' one 
of the elements exhibiting characteristic gamma rays 
under neutron bombardment. Such indication is then 
transmitted uphole by way of cable 11 and applied to 
an ampli?er 39 whose output in turn is applied by way 
of the vchannel SE to‘ a‘ recorder, 32. The recording me: 
dium of recorder 32 may be driven as by a'sheave 33 

15 

20 

_ of a‘ logging unit including a Van de Graal’f type 

25 

30 

35 

40 

. . 4 

‘in suchyapmanner that its‘ length is proportional to the 
depth of the exploring unit in the bore hole. Sheave 33 
is mechanically coupled by link 34 to the recorder drive 
shaft 35. Thus the trace 36 on the recorder chart exhibits 
variations which are proportional to variations in the 
concentration of a given“ unseat. The particular ele 
msnt Selected‘, is‘ dependent 112011 the oliuetmentqf $13.6. 
pulse heightianalyzer 27“ particularly its one; line and 
window width. _ _ 

Pill“ llej ‘ht a‘ war iiélyiers éii'e and-understood 
by those‘ skill inthe‘iirt. y eni' suitable for use in 
connection with the present iiiiieritior'i' is illustrated and 
described in “Experimental Nuclear Physics,” vol. I, by 
E. ség‘le; ioliiitwiley: aria-soils, New York, NY; 1953, 
page 91, Fig. 32. _In avoidance of bore transmission 
problems, it willbe preferred‘ to‘ 5156s the pulse height 
discr'u'ninator in the bore hole unit as above indicated 
where it rriay form a" partzof unit 27-. ,.Further,_ multi 
channel devices m'ay'be utilized-to detect'lsimultaneously 
each of: theisever‘al elementsofinterest which exhibit an 
identifying resonance phenomena. , _, I 7 

Referring now to Fig.v 4; lhcredis illustrated a portion 
generator 

as a voltag'e'sour'ce; Thegcnerator components are suit 
ably supported‘ withinzandadjacent t e lower end off/the‘ 
instrument housing 39; Like the lowercompartment 14 
in Fig.v l, the: lower compartment 4!! of ,Figr/Al- is sealed 
from the‘remairiing portion of the housing 39'and con’ 
tains the‘ necessary elements‘gfor producing axdleuterinm 
(H2) on tritium (H3) reaction when energized from the 
voltage generator. _ , _ I p q _ 

‘In the form illustrated; a second, compartment __41 in 
the case 39 houses anrinsulating tubularmernber 42 which 
is supported at its upper 'endfrom a disc‘ 43 and which 
carries at its lower end a' hollow spherical shaped mem 
ber 44; Two pulleys 46 and 47_ at opposite-ends ot‘the 
insulatingytube 42' carry a belt‘ 48 made o?silk, rubber, 
paper‘ or other suitable insulator; APulley?46_ is coupled 
by link 49 to‘ a drive‘ motor 50; A voltage source 51'1s 
providedito develop a voltage in the order of'piOOO volts 
in its output circuit; including conductor 52, which is then 
applied toasprayron brush 53 adjacent?beltAS; _.An elec 

' tro‘de54 spaced from spray-on brush 53 and on the oppo 
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site side. of belt 48 is connected to bulkhead 43_ which 
in turn" is electrically common with-case 3_9. ,As‘belt 48 
rnove'syin the direction indicated; positive charges are 
carried downward towards pulley 47; A brush 55 adja 
cent p'ulley 47 is-connected to the metallic sphere 44 and 
removes the charges on belt‘ 48 thereby to build up a 
higlipotentialv on the exterior of sphere 44.. Conductor 
56' leading through insulating block 5.7 is connected to 
the'high voltage electrode" in compartment 40. Com-, 
partrnentw?); as above noted; is ?lled».with deuterium 
gas" at a- very; low pressure: However,- itwill be pre~ 
ferred, in order‘ to- provide_the necessary insulation at 
sphere 44 to maintain a high voltage; that thecompart 
ment- 41 be ?lled with a suitable gas under relatively ‘high 
pressure; For example; compartment 41 maybe ?lled 
with a g'asrcomp'risedaot 85%‘ nitrogen anc_l_15% carbon 
dioxide’ at a pressure of approximately 200 pounds per 
square‘ ‘inch‘ thereby to permit the establishment of a high 
potential- b'etweensphere 44‘ and case 39 without causing 
an arc discharge therebetween. 
Motor 50 and voltage source 51 are supplied with 

power by way or conductor. “which leads through suit 
able'c‘aib’le' means'td the 'earth’sv surface'and may provide 
a return“ channel to‘ the‘ ea'rth’s surface for signals del 
pendentfupon gammaiaysprcnueed'by neutron Bernhard 
ment of the} formations‘ By- reason of the deuterium on 
tritium r'e‘a'ctio'n in’cllambér 40; V 
The systems illustrated ‘in Figs. 1 and‘ 4 andlthe reac 

tion illustrated idFigbQ r" ’ resent a preferred apparatus 
and'p'rbc'edure fdr banana area; the desired bombard 
ment of the earth refraining‘. "his preference is based 
pariah-any“ ripen: the fast: that by this means neutrons 
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are produced free of gamma rays. A further character 
istic which makes desirable the deuterium on tritium 
reaction is the fact that monoenergetic neutrons well 
above the characteristic nuclear energy level of the 
nuclei of interest are produced. 

Referring now to Fig. 5, a well logging system has been 
illustrated in which the neutron source is of the more 
well known types such as commonly used in radioactive 
well logging. The source 70 may comprise a radium 
beryllium mixture such as is well known to those skilled 
in the art. Preferably the source is formed by a com 
bination of polonium and beryllium whereby neutrons are 
produced for bombarding the formations adjacent bore 
hole 71. With the preferred polonium-beryllium source, 
on the average several neutrons are produced for each 
gamma ray produced. Furthermore, these gamma rays 
are of energy about 800 k.e.v. which is considerably lower 
energy than the characteristic gamma rays from fast 
neutron bombardment of elements of interest in earth 
formations. 
A shield 72 of lead is supported in the exploring unit 

73 immediately above the source 70 to highly attenuate 
the direct gamma radiation from source 70 to the detec 
tor. A scintillation crystal 74 is mounted above and 
immediately adjacent the upper surface of the shield 72. 
Thus mounted, the crystal receives gamma radiation from 
the adjacent formations such as is produced upon neutron 
bombardment thereof. Because of the shielding device 
72, the gamma rays received by crystal 74 are substan 
tially all due to a reaction in the formation and do not 
have their origin at source 70. In this modi?cation of 
the invention a photomultiplier tube 75 feeds a modulator 
76 whose output controls an oscillator 77. The mod 
ulated oscillator output is then applied to a bore hole 
transmission channel including conductor 78 which leads 
to the earth’s surface. 
At the surface of the earth the modulated oscillator 

output is applied to an ampli?er 80 and thence to a de 
modulator 81 whose output in turn is applied to a dif 
ferential pulse height analyzer 82. The appropriate 
setting for or adjustment of the analyzer 82 will control 
the transmission of a recordable voltage to the recorder 
83. Here again, as above described in connection with 
Figs. l-3, signals passed to the recorder are exclusively 
dependent upon gamma radiation in a limited energy 
band or window centered at the region in which for a 
selected element the arti?cially induced gamma radiation 
has the maximum intensity. Logs primarily depending 
upon one of several different elements which ordinarily 
are found in earth formations may be thus produced. 

While the invention has been described in connection 
with several modi?cations of apparatus and method steps, 
it will now be appreciated that further modi?cations may 
be made and it is intended to cover such modi?cations 
as fall within the scope of the appended claims. 
What is claimed is: 
1. The method of determining concentrations of a 

selected element of the class consisting of oxygen, carbon 
and sulphur in formations adjacent a drill hole which 
comprises irradiating formations along said drill hole 
with neutrons having energies at least equal to the char 
acteristic nuclear energy level of said element to excite 
the energy level thereof by inelastic scattering, selectively 
detecting the component of prompt gamma radiation 
produced by said neutrons within a restricted energy band 
including said characteristic energy level, and recording 
said component as a function of bore hole depth. 

2. The method of claim 1 in which said neutrons have 
energies of at least 7 m.e.v. and in which said energy 
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6 
band lies within the limits of from about 6 m.e.v. to about 
7 m.e.v. thereby to produce a log primarily dependent 
upon the concentration of oxygen in said formations. 

3. The method of claim 1 in which the neutrons have 
energies of at least 41/2 m.e.v. and in which said energy 
band is centered at about 41/2 m.e.v. thereby to produce 
a log primarily dependent upon the concentration of car 
bon in said formations. 

4. The method of claim 1 in which the neutrons have 
energies of at least 2.3 m.e.v. and in which said energy 
band is centered at about 2.3 m.e.v. thereby to produce 
a log dependent upon the concentration of sulphur in 
said formations. 

5. The method of determining concentrations of a 
selected element in formations adjacent a bore hole which 
comprises generating neutrons of energy of about 14 
m.e.v. at spaced locations along said bore by accelerating 
deuterium ions onto tritium atoms to elfect gamma-free 
production of said neutrons, at each of said locations 
detecting the component of prompt gamma radiation 
produced by inelastic scattering of said neutron radiation 
within a restricted energy band including said character 
istic energy level, and recording said component on a 
space scale proportional to the distances between said 
locations. 

6. A system for determining concentrations of a se 
lected element of the class consisting of oxygen, carbon 
and sulphur of earth formations adjacent a bore hole 
which comprises a source of high energy neutrons having 
energies at least equal to the characteristic nuclear energy 
level of said element, means for traversing said bore hole 
with said source to irradiate said formations and excite 
the energy level of said element by inelastic scattering, 
a detector supported and movable with said source for 
producing an output signal dependent upon the number 
and amplitude of prompt gamma rays impinging said 
detector, and differential means for recording the com 
ponent of said signal dependent upon the number of said 
gamma rays within a restricted window which includes 
said characteristic energy level in the amplitude spectrum 
of said gamma rays. 

7. The system of claim 6 in which said window covers 
that portion of the energy spectrum from 6 to 7 m.e.v. 
for the determination of the concentrations of oxygen in 
said formations. 

8. The system of claim 6 in which said window is 
centered at about 41/2 m.e.v. for the determination of the 
concentrations of carbon in said formations. 

9. The system of claim 6 in which said window is 
centered at about 2.3 m.e.v. for the determination of the 
concentrations of sulphur in said formations. 
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